Topological blockade and measurement of topological charge 
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The fractionally charged quasiparticles appearing in the 5/2 fractional quantum Hall plateau are 
predicted to have an extra non-local degree of freedom, known as topological charge. We show how 
this topological charge can block the tunnelling of these particles, and how such topological blockade 
can be used to readout their topological charge. We argue that the short time scale required for this 
measurement is favorable for the detection of the non-Abelian anyonic statistics of the quasiparticles. 
We also show how topological blockade can be used to measure braiding statistics, and to couple a 
topological qubit with a conventional one. 
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Introduction.- The 5/2 fractional quantum Hall 
plateau is expected to be described by the Moore-Read 
wave function [T] or its particle-hole conjugate Anti- 
Pfaffian state [21 13]. This means that every pair of e/4 
quasiparticles appearing in this phase have an extra neu- 
tral degree of freedom, topological charge, which does 
not affect local measurements and does not influence the 
energy of the system as long as they are well separated. 

Topological charge manifests itself in the peculiar 
braiding statistics of these quasiparticles [H |S] : they are 
non-Abelian anyons and their topological degree of free- 
dom can be manipulated through ordered exchanges of 
quasiparticles whose result is independent of the path 
used for braiding. Such stability under local perturba- 
tions allows to exploit non-Abelian anyons to store and 
process quantum information in a way that is highly pro- 
tected from thermal noise and thus to potentially imple- 
ment a topological quantum computer ^71 . 

However there is no definite experimental proof that 
topological charge indeed exists. Even when two quasi- 
particles are close to each other, there are no clear cut 
signatures of the topological charge: this extra degree 
of freedom is completely charge-neutral, and hence very 
hard to detect. The most actively developed tool pre- 
dicted to readout the combined state of several non- 
Abelian anyons, and to prove they possess fractional 
statistics, is non-Abelian Fabry-Perot interferometry 7- 
112] . However, the currently existing non-Abelian inter- 
ference experiments |13H16| are not conclusive. The in- 
terferometers are relatively sensitive to dephasing, since 
the length of the trajectory has to be sufficiently large. 
Moreover they are described by a rather complicated the- 
ory [T7] due to the presence of many types of edge exci- 
tations [m [19] . In addition the interferometers are sen- 
sitive to all the anyons encircled by the interference loop, 
some of which may even be coupled to edge states, further 
obscuring the interpretation of the results [^Ul - El] . Other 
tools exist designed to probe macroscopic consequences of 
the existance of topological charge |25H25] , however they 
do not allow to follow the behaviour of a single anyonic 
excitation. Here we propose a setup for measuring the 
topological charge that does not suffer from these limi- 
tations. Our setup is local, so it is only sensitive to the 




FIG. 1: Panel (a): two electrons with charge e (grey circles) 
trapped by several gates (rectangles) form a singlet-triplet 
qubit. The singlet and triplet states of the qubit acquire 
different energies when one of the electrons tunnels. Panel 
(b): a topological qubit is formed by two quasiparticles of the 
Moore-Read quantum Ifall state with charge e/4. They are 
trapped by gates (filled circles). When one of these quasi- 
particles tunnels to the other, two degenerate wave functions 
of the qubit corresponding to the vacuum and fermion fusion 
channels acquire different energies. 



topological charge of two anyons, and it does not rely on 
using edge states. Instead it is based on the phenomenon 
of topological blockade, explained below. 

We begin our consideration from the simple observa- 
tion that any inherent property of a particle that may 
impose an energy penalty, can also prevent its motion. 
The most commonly known examples are the electric 
charge, which causes Coulomb blockade, and spin, re- 
sulting in spin blockade [29H36| . Less common examples 
include the position of a particle, causing elastic blockade 
[37) . Topological charge makes no exception: if the en- 
ergy cost required to move two anyons onto the same re- 
gion in space (fusing) is too high due to their topological 
charge, then the anyons will not move. Since anyons have 
charge, detecting their position is not much harder than 
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FIG. 2: Main idea of topological blockade: energy levels of 
the Hamiltonian |T]) as e, which states the energy of the (1,1) 
charge configuration, is varied. Two avoided crossings occur 
when e is degenerate with the fusion energies , £\ of two 
anyons. Blue solid (red dashed) lines identify eigenstates of 
the Hamiltonian with topological charge 1 (^'). In the energy 
window between the two crossings a blockaded regime occurs, 
with the (1,1) charge configuration favorable if the topological 
charge is 1 but not if it is >1/. For e <^ em and e ^ ei, the 
charge configurations (1, 1) and (0, 2) are respectively favored, 
independently on the topological charge shared by the anyons 
(far-detuned regimes). 



that of usual electrons, and standard techniques such as 
QPC charge sensing [30l |38] or single electron transistor 
probes can be used for this purpose [5151. 

The particular setup for the detection of topological 
charge that we propose is very similar to that of a singlet- 
triplet spin qubit (see Fig.jl]), where spin blockade is suc- 
cessfully used to distinguish a singlet state of two elec- 
trons from a triplet one [351 135] . Two anyons are trapped 
to two dots formed by metallic gates [JT]. The energies 
of the anyons are controlled by gate voltages, and the 
charge position is measured by a nearby charge sensor. 

In the following we analyze the performance of the pro- 
posed topological blockade readout of topological charge 
using a model calculation. We continue by discussing 
experimental challenges and important energy scales for 
measuring topological blockade. Finally, we propose sev- 
eral applications of topological blockade: a setup that 
should measure non-Abelian braiding statistics, and a 
setup allowing to entangle a topological qubit with a 
singlet-triplet qubit. 

The model.- A topological qubit, shown in Fig. [T|d), 
consists out of two quantum dots trapping a pair of quasi- 
particles with charge e/4 (Ising anyons). The energy lev- 
els of the dots can be separately controlled by varying 
gate voltages. When the gate voltage difference is small, 
the occupation number of both dots is equal, so that the 



system is in the (1, 1) configuration, where each index de- 
scribes the occupation of each dot. When the voltage dif- 
ference between the two dots is sufficiently large, a quasi- 
particle tunnels from the left dot to the neighbouring 
one, and the ground state of the system becomes (0,2). 
Different states of the qubit are characterized by the fu- 
sion channel of two quasiparticles: vacuum (1) or fermion 
(^'). We consider a limited gate voltage interval such that 
the excited orbital states and the charge (2, 0) arrange- 
ment are higher in energy than the four states relevant 
for the readout: {|(0, 2)1), |(1, 1)1), |(0,2)*), |(1, 1)^-)}. 

Similar to the singlet-triplet qubit case |33j , the Hamil- 
tonian of the topological qubit is given by 
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Here e is the energy of states |(1, 1)1) and |(1, 1)^*), while 
£1 and are the energies of the states | (0,2)1) and 
1(0,2)5') respectively. For definiteness we assume that 
< s-i [45], however our conclusions are not limited to 
this assumption. The tunneling between different charge 
configurations has amplitude S. As any local process, this 
tunneling preserves the topological charge. 

The energy levels of the Hamiltonian (!]) are shown in 
Fig. [2] as a function of e, which is controlled by gate volt- 
ages. The two charge configurations (1, 1), (0, 2) become 
degenerate in the 5* (1) channel when e = Eij, (e = ej), 
and consequently S leads to avoided crossings in the spec- 
trum. Between the two crossings, there exists an energy 
window of width A = — £,5 where the (0, 2) occu- 
pancy is favored with respect to the (1,1) occupancy if 
the topological charge is 5* but not if it is 1. This identi- 
fies the blockaded regime, where charge tunnelling is al- 
lowed or blocked depending on the fusion channel of the 
two anyons. The energy A is similar to the singlet-triplet 
exchange splitting in spin blockade. This blocked region 
allows for efficient conversion from topological charge to 
real charge and hence allows readout of the topological 
state. 

The topological charge of the double-dot system is sub- 
ject to decoherence, due to coupling to the edges or other 
impurities in the quantum Hall liquid surrounding the 
system, which may cause transitions between the 1 and 
^ states in the same charge configuration. Assuming this 
process is independent of e, we introduce a constant de- 
cay rate 7 and model the time evolution of our system 
using a Lindblad master equation 
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with operators Li = lI = ^71(1, 1)5')((1, 1)1| and 
L3 = lI = ^|(0,2)*)((0,2)1| describing the topologi- 
cal charge relaxation. 

Readout.- The topological charge in the (1, 1) con- 
figuration at e ^ can be determined by bringing 
it adiabatically through the avoided crossing into the 
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FIG. 3: Probability P to measure the charge configuration 
(0, 2) when the system starts in the configuration (1, 1) with 
initial topological charge (bottom panel) or 1 (top panel), 
as a function of pulse duration r and e. Obtained from the nu- 
merical solution of the master equation ([2|, with parameters 
A = 10(5, 7 = 0.1<5. 



blocked region, and measuring the final charge config- 
uration. This requires that the charge manipulation is 
performed on a time scale t ^ h/5 (to avoid Landau- 
Zener transitions at the crossing). 

If instead the topological charge relaxes too rapidly to 
perform the adiabatic passage, a faster readout procedure 
is needed. We describe here a method analogous to the 
rapid single-shot measurements of singlet-triplet qubits 
[55] . The system is initialized at £ ^ and the energy 
is then increased non-adiabatically to e ^ e^i for a short 
pulse of duration t, after which e is driven back to the 
initial value with a second fast pulse. The topological 
charge is again inferred by a charge measurement of the 
final occupancies of the dots. 

During the pulse, two anyons in the ^ channel oscillate 
between the (1,1) and (0,2) charge configurations with 
period h/25. If r equals half of this period, the transi- 
tion probability from |(1, 1)^*) to |(0, 2)5') is maximized. 
An analogous charge transition in the vacuum channel 
is strongly suppressed because the state 1(0,2)1) hes at 
a higher energy ej. In the ideal case, the initial topo- 
logical charge can be inferred by the final occupancies 
of the dot, with (1, 1) and (0,2) corresponding to 1 and 
\1/ respectively. Unlike the adiabatic measurement, the 
time allowed for the charge measurement in this case is 
limited by the electric charge relaxation to the ground 
state, (0,2) (1,1). 

In a more realistic scenario, incoherent processes may 
alter the results and the position of the resonance cannot 



be known in advance with great accuracy. Fig. [3] shows 
the probability to measure the charge configuration (0, 2) 
after a pulse of duration r is performed at an energy e, 
sweeping a range of width A centered around , for the 
two different initial topological charges. Coherent oscil- 
lations dominate in the ^ channel for t <C /1/7, leading 
to fringes with peaks at t* = (n-f \/2)h/25. The bright- 
est peak occurs at Tq = h/AS, making this the optimal 
duration of the pulse. If s is varied for longer times and 
away from the resonance, the period of the fringes short- 
ens and their intensity diminishes. Since this readout 
method works identically if e ~ ei (only with the roles 
of 1 and 5* states interchanged), either can be used to 
detect the topological charge of the prepared state. 

The sum of the charge manipulation time r and the 
charge readout time should be much shorter than the 
topological charge relaxation time, which is equal to h/j. 
The adiabatic charge manipulation requires r 3> h/S, 
while the coherent manipulation requires a faster time 
scale T h/AS, hence we arrive at the condition (5 3> 7. 
If single shot readout is desired, the charge readout time 
should also be much shorter than the topological charge 
relaxation time h/j. However, a quick low fidelity read- 
out of the charge position is sufficient for the detection 
of the topological charge, since the measurements can be 
repeated many times. Additionally, in order for for the 
two topological charges to be distinguishable, the block- 
aded region should be larger than the region where charge 
tunneling occurs (5 ^ A. 

The appropriate parameter conditions can be reached 
by a careful design of the setup. It has been estimated 
that an effective potential in the two-dimensional elec- 
tron gas with a width of a few magnetic lengths (Ib) can 
trap single quasiholes with a typical radius of 3/^ ~ 30 
nm [42-^44] . Under this assumption, numerical works 
calculated A « Q.Ole^ /cIb with an upper bound of IK 
[43l l45] . For larger dots A is reduced since it is bounded 
from above by the level spacing. The speed of relax- 
ation of the topological charge 7 due to the coupling 
to disorder- induced anyons can be estimated as Ae~'/^, 
with ^ « 2.31b the characteristic length scale associated 
with the quantum Hall liquid excitation gap j45| and I 
the distance of the double-dot system from the nearest 
impurity. Requiring 7 « O.OlA then yields a lower bound 
I 100 nm. Finally S is exponentially small in the dis- 
tance between the dots, so the condition (5 <C A requires 
the inter-dot distance to be larger than ^. 

These requirements are less stringent than the re- 
quirements for operation of a non-Abelian interferome- 
ter. There the readout time must still be shorter than 
/1/7, however it should also be much larger than the time 
of flight of a neutral excitation through the interferome- 
ter loop. This time of flight is given by L/v < /li/A^, 
with L ^ f the length of the interferometer path. Addi- 
tionally, 7 is increased due to the coupling of the inter- 
ferometer loop to bulk anyons [22l [24] . The non-Abelian 
interferometers however have the advantage that they are 
able to measure the Abelian part of the braiding statis- 
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FIG. 4: Applications of topological blockade. Top panel: 
two-qubit system formed out of a topological and a spin qubit. 
For both qubits the computational degrees of freedom corre- 
spond to different charge configurations. Entanglement be- 
tween the qubits can be then induced by a capacitive coupling 
between the two double-dots. Bottom panel: setup for the 
detection of non-Abelian statistics of the i/ = 5/2 fractional 
excitations. Three anyons {A,B,C) are hosted in four dots 
and can be moved by varying gate potentials. Two coun- 
terclockwise exchanges of B and C, implemented using the 
fourth empty dot, act as a NOT gate on the topological qubit 
formed by anyons A and B [3]. 

tics [Ij [iSl [23], to which topological blockade is com- 
pletely insensitive. The interferometers can also measure 
topological charge of more than two anyons, unlike the 
topological blockade. 

Detection of non-Abelian statistics.- In order to de- 
tect non-Abelian braiding statistics of the anyons, one 
needs to combine the topological blockade-based readout 
device with a minimal setup for exchanging two anyons 
[46] . This setup is shown in Fig. |4^) , and it consists of 
a topological qubit with two extra dots hosting a single 
e/4 quasiparticle. The quasiparticles are moved by vary- 
ing the potential of the dots. Both the braiding and the 
detection can then be performed in the four dot setup, 
using the same protocol proposed in [9 in the context of 
interferometric devices. 

Coupling with conventional qubits.- Since topological 



blockade allows to translate the topological charge into 
the position of the electric charge, it becomes possible 
to couple a topological qubit with conventional quan- 
tum systems, similarly to what was done with Majo- 
rana qubits in superconducting systems [UHH]. Both 
topological and spin blockade translate the qubit degree 
of freedom into an electric charge configuration. In the 
case of singlet-triplet qubits, this effect has been used 
to couple two neighbouring double dots in order to pro- 
duce two-qubit entanglement [50]. The same method can 
be explored to couple capacitively a topological qubit to 
a singlet-triplet qubit hosted in a nearby double quan- 
tum dot (see Fig. |4]d). Independent measurements on 
the two qubits can still be performed via two charge- 
sensing quantum point contacts. Additionally, the oscil- 
latory motion of electric charge at the transition between 
(1, 1) and (0, 2) states can also be used to couple the topo- 
logical charge to electromagnetic radiation, thus allowing 
coupling of a topological qubit with cavity qubits. One 
should point out that, since the gate pattern needed to 
define the double-dot hosting the singlet-triplet qubit will 
likely introduce undesired edges in the quantum Hall liq- 
uid, it would be necessary to have the second qubit in a 
different layer of the nano-structure. Another difficulty 
to overcome is the presence of a strong magnetic field 
which increases the Zeeman splitting of the triplet states 
and makes it comparable with the exchange splitting in 
the singlet-triplet system, potentially ruining the opera- 
tion of the spin qubit. 

Conclusions.- In conclusion, we have showed how to 
use topological blockade to measure topological charge. 
While we focused on the most experimentally relevant 
case of the 5/2 fractional quantum Hall plateau, the same 
method applies to any non-Abelian phase as long as the 
anyons also have electric charge. We have shown that 
the topological blockade is more robust than the non- 
Abelian interferometry, in part due to being insensitive 
to the Aharonov-Bohm phase. The downside is that it 
cannot probe the Abelian part of the braiding statistics. 
Finally, we have also shown how to use topological block- 
ade to measure braiding statistics and to couple topolog- 
ical qubits with a singlet-triplet spin qubit. 
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